Abstract Perturbative experiments on electron heat transport have been successfully conducted on the HL-2A tokamak. The pulse propagation of the electron temperature is induced by the supersonic molecular beam injection (SMBI), which has characteristics of good localization and deep deposition. A model based on the electron heat transport in cylindrical geometry has been applied to reconstruct the measured amplitude and phase profiles of the electron temperature perturbation. The results show that the heat transport is significantly reduced near the pedestal region of the H-mode plasma. In the "profile stiffness/resilience" region, similar heat diffusivities have been observed in L-mode and H-mode plasmas, which verifies the gradient-driven transport physics in tokamaks.
Introduction
In D-T burning plasmas, electrons receive energy from the Alpha particles and then transfer it to ions. Hence electron heat transport is one of the key issues in the controlled fusion research. In experimental studies of electron heat transport, the whole plasma volume is generally divided into three parts: the central region, in which the sawteeth dominate the transport; the stiffness region, in which profile resilience is found and the existence of a critical temperature gradient has been confirmed [1] ; the edge region, which is the boundary of the plasma and thus determines the base of the whole profiles of plasma parameters.
One of the typical features of H-mode plasmas is the existence of edge transport barrier (ETB). Although it is well known that the transport near the ETB region will be reduced significantly, it still deserves a further study near the pedestal region. On the other hand, it is worth considering whether the transport in the stiffness region varies in different scenarios (L-mode and H-mode). In this work, perturbative transport experiments have been performed in the HL-2A tokamak. Supersonic molecular beam injection (SMBI) is used to induce the perturbations of electron temperature (T e ) at the plasma edge. The observed electron temperature perturbations propagate from edge to center. The heat transport coefficients are obtained by analyzing the propagation of the electron temperature pulses. Electron heat transports in different plasmas have been studied. This paper is organized as follows. The perturbation experiments are described in section 2. The transport model and the numerical simulation are presented in section 3. Section 4 is dedicated to the results and finally the summary is drawn.
SMBI modulation experiments
The HL-2A device is a tokamak with major radius R 0 = 1.65 m and minor radius a=0.4 m [2] . HL-2A has been operated in the single null (SN) divertor configuration in the perturbative transport experiments. The electron temperature profiles T e (r) are measured by a 16-channel superheterodyne radiometer with a spatial resolution of ∼2 cm and a temporal resolution of 1 µs, since the time resolution of the Thomson scattering system is poor (100 ms). This system is relatively calibrated by scanning the toroidal field and absolutely calibrated against the Thomson scattering data at the geometric center of the vessel.
One limitation of using a radiometer for temperature measurements is the optical thickness of plasma. The radiometer measures the intensity of the second harmonic X-mode (X2) of electron cyclotron emission (ECE). It is proportional to the electron temperature when the optical thickness is τ opt ≥ 2 [3] . For the X2 mode, the dimensionless optical thickness τ opt is given as:
where R 0 and r are respectively the major and the minor radii in m, B t is the toroidal magnetic field in T, n e (r) is the electron density in m −3 and T e (r) in keV.
The usual 'rule of thumb' for stationary T e measurements is τ opt ≥ 2. However, the temperature perturbation is the quantity involved in the transport equation instead of T e itself. Regarding the measurement of temperature perturbation, the constraint on τ opt is less severe when the density remains basically unchanged [4] . The requirement of optical thicknesses is estimated to be satisfied in the range of r/a ≤ 0.8 and r/a ≤ 0.9, for the typical L-mode and H-mode plasmas, respectively.
The SMBI system installed on the HL-2A tokamak proves to be a useful fuelling tool which enhances the penetration depth and fuelling efficiency in contrast with gas puffing [5] . The modulation experiments with SMBI have been carried out in the L-mode and H-mode plasmas. Fig. 1 shows the time evolution of the basic parameters in a typical H-mode discharge (shot 11530). In this shot, the basic parameters are as follows: plasma current I p =165 kA, line averaged electron density n e =2.0×10
19 m −3 , toroidal field B t =1.29 T, ECRH power P ECRH =1060 kW, NBI power P NBI =670 kW. The elongation and triangularity of the plasma are both nearly unity. Fig. 2 shows the time evolution of the electron temperatures at different radii during SMBI modulation. The frequency of SMBI modulation is 62 Hz. Since there are no significant fluctuations of the electron density (see Fig. 2 ), the coupling between heat and particle is not considered.
For comparison, another SMBI modulation experiment during L-mode has been carried out in a discharge with the following parameters: I p =160 kA, n e =1.3×10
19 m −3 , B t =1.33 T, P ECRH =900 kW, P NBI = 680 kW, ω SMBI /2π=30 Hz. The detailed transport analysis is presented in section 4.
Transport model and simulation
Assuming the coupling between energy and particle transports being negligible, the pulse propagation can be described by a heat transport equation in a finite cylinder [6] :
where S denotes the external source, and three coefficients: electron heat diffusivity χ e , convection velocity V e , and damping time τ d characterize the heat transport. The perturbation at a harmonic frequency ω is written as:T
where A and ϕ are the amplitude and phase of the perturbation, respectively. After substituting Eq. (3) into Eq. (2) and canceling the equilibrium parts out, the heat diffusivity is expressed as [7] :
where r n = −n e /∇n e . The spatial profiles of amplitude and phase of the heat pulses are obtained from fast Fourier transform analysis. In the case of high frequency modulation, the perturbation of heat pulses is dominated by diffusion. In the case of low frequency modulation, the contribution from the convection term becomes important, leading to a significant variation of the amplitude profile [6] . The damping term changes the phase velocity and the decay length, but the effects cancel out in the product of the two quantities. Because the damping time is much larger than the modulation period, the damping term is neglected in this paper. The external source, i.e., SMBI, may cause a strong coupling between heat and particle transports in the deposition region, in addition to the atomic physics and the radiation losses. Considering the locality of SMBI, these effects are only limited within several centimeters from the source.
In the case of pure diffusion in the infinite slab geometry, Eq. (4) is simplified to:
Eq. (5) provides a convenient way to calculate the value of χ e whereas the exact coefficients could be resolved through numerical simulation. Eq. (2) is numerically solved in the simulation by applying the simple piecewise nonlinear Galerkin/Petrov-Galerkin method for the spatial discretization [8] . The initial and boundary temperatures are set to zero and the temperature profile is axisymmetric about the magnetic axis. These conditions are given by the following equations:
T e (r, t = 0) = 0, T e (r = a, t) = 0, ∂T e ∂r (r = 0, t) = 0.
(6) The heat diffusivities are repeatedly adjusted until the experimental profiles of amplitude and phase are reproduced with the least deviation. In order to minimize the error, χ e is assumed to be a piecewise constant and the plasma volume is divided into different sections based on significant changes of profile slopes. Fig. 3 shows the electron temperature and density profiles at 623 ms (L-mode) and 728 ms (H-mode, before an ELM) in shot 11530. The electron density is measured by an amplitude modulation (AM) microwave reflectometer. All profiles are mapped to the magnetic flux coordinates. The edge particle barrier is clearly displayed at the outside region of r/a >0.83 in the n e profiles while the T e profiles in the same region also indicate the existence of a thermal transport barrier. T e profiles in both H-mode and L-mode have similar shapes in the confinement region (r/a < 0.8), except that the one in H-mode is uplifted by the pedestal located at r/a > 0.83. According to the calculation, the optical thickness inside r/a=0.92 is adequate for the perturbation measurement during H-mode as denoted in Fig. 3 . A and ϕ profiles at the third harmonic of the T e perturbations in H-mode and at the second harmonic in L-mode are shown in Fig. 4 and Fig. 5 , respectively. As mentioned above, the convection term vanishes in the limit of high-frequency harmonics. Convection velocity is determined by the amplitude profile in the fundamental harmonic. In this experiment, the fundamental harmonic is affected by the external source and the density fluctuations, especially in the edge region. Hence the convection cannot be identified and calculated. The SMBIs mainly deposited at r/a ∼0.8 with a deposition width of 3∼4 cm estimated from the n e profiles. The perturbation phase near the source is strongly disturbed as seen in Fig. 4 . It is noteworthy that the penetration of SMBI is slightly deeper in H-mode than in L-mode. The reason is that the gas pressure in H-mode (1.9 MPa) is nearly twice as high as that in L-mode (1.0 MPa).
Results
The change of slopes at r/a ≈ 0.45 (Fig. 4 ) has been repeatedly observed in ECRH discharges. The consequent step-like profiles of χ HP e (see Fig. 6 ) are associated with the constant normalized gradient R/L Te =R∇T e /T e ≈10. Electron heat flux increases dramatically when R/L Te exceeds this critical value. A similar change takes place at r/a = 0.5 in the L-mode case.
Furthermore a gross estimate for χ PB e is obtained from the global power balance analysis [9] :
where τ e is the energy confinement time and a is the minor radius. by a factor of 3, which is common in tokamaks [10] . In L-mode, χ reflects a positive dependence of heat diffusivity on ∇T e above the gradient threshold. Compared with the flat ϕ profile in L-mode, the steep gradient of the phase outside the position of SMBI deposition is a result of the slow propagation of the heat pulse, which means a transport reduction. This region coincides with the pedestal location (Fig. 3) where the transport is dominated by the ETB and ELMs. Note that a slight disagreement appears when the location of the amplitude peak and that of the phase valley are compared, as shown in Fig. 4 . Although convection is a possible candidate to explain the peak shift, the real cause is not ascertained because of the existence of other effects induced by the boundary conditions, the low level of optical thickness and the external source.
The heat diffusivities calculated in the two discharges are compared in Fig. 6 . The two curves are close to each other in the stiffness region (r/a < 0.8). Significant difference between two scenarios is observed at r/a > 0.8 as described above, which indicates a transport reduction caused by the ETB.
Summary and discussion
Perturbative transport study by means of SMBI modulation has been performed in the HL-2A tokamak. The amplitude and phase profiles of the heat pulse propagation are obtained by Fourier analysis. A heat transport model in cylindrical geometry has been developed to simulate the measured phase and amplitude profiles. Good agreements between the experiments and the numerical simulations have been obtained.
The pedestal position is determined from the steep gradient of T e and n e profiles in H-mode. The T e profiles basically have the same gradient inside the pedestal shoulder. A significant heat transport reduction near the H-mode pedestal (r/a > 0.83) has been observed. The heat diffusivity drops from 9 m 2 /s to 1.5 m 2 /s near the pedestal region, whereas there is no obvious change in the edge region during L-mode. This transport reduction is attributed to the ETB in Hmode. The existence of (R/L Te ) crit ≈10 is strongly suggested in ECRH heating discharges. The critical electron temperature gradient verifies the common underlying gradient-driven transport physics in tokamaks.
The convection term has not been identified, because the fundamental harmonic of T e is affected in the outer region by the cold source and the n e fluctuations. Further work is needed to employ other actuators such as ECRH, so that the heat convection and the detail dependences of heat diffusivity on various parameters in different scenarios can be investigated.
